The notochord is required for the differentiation of nearby tissues, including the neural tube and the floor plate. Because the dorsal aorta and axial vein are midline structures, their development might also be influenced by the notochord. To investigate this possibility, we cloned zebrafish VEGR-2, homologous to the earliest known marker of endothelial cells in mammals. In flh and ntl mutant embryos, which lack a notochord, we found a defect in axial blood vessel formation, and a delay in the fusion of VEGR-2 positive endothelial progenitor cells into the primary vascular plexus and a block in the establishment of mature vessels. Differences in the vascular phenotype between the two mutations correlated with the severity of their axial mesodermal defects. These observations support a role for the notochord in vasculogenesis.
Introduction
The endothelium is the first component of the blood vessels to develop, and it determines the pattern of the vasculature. The main vessels form during embryonic development in a fairly stereotypic fashion by the process of vasculogenesis . Two of the major challenges in the study of vascular development are to resolve the origin and mode of determination of the endothelium, and to establish the mechanisms of patterning and morphogenesis that lead to the formation of blood vessels in their appropriate positions.
Largely from studies in mammals and avian embryos, it is commonly accepted that endothelial precursor cells or angioblasts originate from the mesoderm, and then disperse throughout all embryonic tissues (Noden, 1990; Risau and Flamme, 1995; Wilting et al., 1995) . Angioblasts giving rise to the main blood vessels, the dorsal aorta (DA) and axial vein (AV) in the posterior axis, are the first cells to differentiate into endothelium. They establish a primary vascular plexus by vasculogenesis: de novo blood vessel formation in situ (Sabin, 1917) . Smaller vessels arise by angiogenesis: the formation of new vessels by sprouting, extension or splitting of preformed vessels, and by recruitment of isolated angioblasts from avascular tissue (Risau and Lemmon, 1988; Poole and Coffin, 1989; Noden, 1990) .
Fate mapping studies have shown that in zebrafish, as in amphibians, the bulk of endothelium arises from the ventral mesoderm of the gastrula (Dale and Slack, 1987; Stainier et al., 1993; Lee et al., 1994) . In teleosts, the DA and AV endothelium is thought to develop from cells which form part of or are in close association with the intermediate cell mass (ICM) . The ICM, initially described by Oellacher to contain the precursors to the red blood cell lineage, comprises a pair of bilateral strings of cells aligned along the lateral edges of the somitic mesoderm. Cells from the ICM migrate medially beneath the somites to the notochord region (Stockard, 1915; Al-Adhami and Kunz, 1977) . The axial vessels form between the notochord and the yolk cell.
The notochord is known to have a role in the patterning of midline and paraxial tissues. For example, the notochord has the ability to induce cell fate changes affecting the differentiation of floor plate (Placzek et al., 1990) , motor neurons (Yamada et al., 1993) , oligodendrocytes (Trousse et al., 1995) , sclerotome (Fan and Tessier Lavigne, 1994) , and somites (Brand Saberi et al., 1993; Halpern et al., 1993) .
Some of the molecules involved in these induction processes are beginning to be characterized, such as those of the hedgehog signaling pathway (Fan and Tessier Lavigne, 1994; Concordet et al., 1996) . The notochord prevents contralateral migration of the neural crest (Stern et al., 1991) and late angioblasts (Klessinger and Christ, 1996) , and has been found to establish the direction of asymmetric heart looping (Danos and Yost, 1996) .
We investigated the possible involvement of the notochord in early axial blood vessel formation by examining embryos homozygous for floating head (flh) (Talbot et al., 1995) and no tail (ntl) (Halpern et al., 1993) , two well studied zebrafish mutations affecting notochord differentiation, and we found that their axial vasculature was also abnormal. To determine the stage at which the notochord is required for normal vasculogenesis we sought to characterize the expression of early endothelial markers in embryos carrying the flh and ntl mutations.
The first angioblastic cell marker which became available was the QH1 endothelial-specific monoclonal antibody, which recognizes quail endothelial cells (Pardanaud et al., 1987) . More recently, the discovery of endothelial-specific tyrosine kinase receptors for vascular endothelial growth factor (VEGF) and of the TIE class has provided very specific probes for endothelium (Shibuya et al., 1990; Terman et al., 1991; Aprelikova et al., 1992; Eichmann et al., 1993; Kaipainen et al., 1993; Millauer et al., 1993; Oelrichs et al., 1993; Sato et al., 1993; Schnurch and Risau, 1993; Yamaguchi et al., 1993; Korhonen et al., 1994) . Since no endothelial markers were readily available for zebrafish, we cloned the zebrafish homolog of the type 2 VEGF receptor (VEGR-2), previously known as Flk-1, KDR or NYK in mammals (Terman et al., 1991; Kaipainen et al., 1993; Millauer et al., 1993; Oelrichs et al., 1993; Yamaguchi et al., 1993) and Quek-1 or Flk-1 in the quail (Eichmann et al., 1993; Flamme et al., 1995) . The VEGF receptor type 2 gene is the earliest known marker of endothelium. It is expressed earlier than QH1 in endothelial progenitor cells of quail embryos (Eichmann et al., 1993) and precedes the expression of all the other endothelial-specific tyrosine kinases in mouse embryonic tissues (Dumont et al., 1995) and in ESderived endothelial cells (Vittet et al., 1996) . VEGF was first described for its endothelial-specific mitogenic and angiogenic activities (Risau, 1991) . Gene deletion studies in mice have demonstrated that the VEGF and TIE signaling pathways are essential for vascular development Sato et al., 1995; Shalaby et al., 1995; Carmeliet et al., 1996; Ferrara et al., 1996) .
Expression of VEGR-2 was followed by whole-mount in situ hybridization from early somitogenesis through the onset of larval development and localized almost exclusively to the developing vasculature in normal zebrafish embryos. Our results from the comparison between wildtype and mutant embryos indicate that the notochord may provide signals for patterning the vasculature, or alternatively, that it may organize other adjacent tissues which then provide a permissive environment for vessel formation.
Results

Cloning of zebrafish VEGR-2
We used a nested degenerate PCR strategy to obtain a 141 bp portion of the VEGR tyrosine kinase II domain (TK-II) that is conserved among known VEGF receptors and divergent from all other tyrosine kinase receptors. Using the PCR product as a probe in genomic Southern blots, we detected three discrete cross-hybridizing bands (data not shown), indicating that zebrafish may have three VEGR genes, as is the case in mammals. When the PCR product was cloned and individual isolates were sequenced, two VEGR genes were identified. Both of these clones are most similar to Quek-2, a quail endothelial-specific tyrosine kinase of the VEGF receptor family (Eichmann et al., 1993) .
We used one of the subclones to screen an adult brain cDNA library and obtained 21 clones, three of which (3.6, 3.2, and 3.3) were isolated and purified. They contained inserts of approximately 6, 4.5 and 2.7 kb, respectively. Sequence analysis revealed they were identical at their 3′ ends and most likely corresponded to the same gene, and to the initial embryo-derived PCR product. The size of the major clone suggests it may be close to full length when compared to other VEGF receptor genes.
We sequenced a 0.8 kb region of clone 3.3 surrounding the area initially amplified by PCR. This fragment encompasses part of the tyrosine kinase I domain (TK-I), the kinase insert domain and the entire TK-II domain of a typical tyrosine kinase receptor. Sequence comparisons showed that the kinase insert domain is very divergent, as is usually the case in this class of tyrosine kinase receptor genes. Although a strong similarity was found with all three members of the VEGR family when small segments of the amino acid sequence are compared, the best alignment scores by BLAST comparison of the entire fragment were for the avian and mammalian VEGR-2 genes (Fig. 1) . In accord with the recent nomenclature, we chose to call this gene zebrafish VEGF receptor type 2 or VEGR-2.
Expression pattern of VEGR-2 in zebrafish embryos
We examined the expression of the VEGR-2 gene by whole mount in situ hybridization. The pattern of VEGR-2 expression marks cells which follow the distribution and migration of the endothelial cells initially described by histological analysis of zebrafish embryos by Al-Adhami and Kunz (1977) .
In the zebrafish, the endothelium of the main vessels of the posterior trunk and tail (DA and AV) originates from two lateral groups of cells, the intermediate cells (IMCs) which at the 12 somite stage separate from the dorso-median border of the lateral plate and lie scattered along and dorsal to the pronephric duct; these cells are precursors to hemopoietic and endothelial tissues. The IMCs migrate toward the midline in an anterior to posterior progression such that by the 18 somite stage the anterior IMCs are at the midline, between notochord and endoderm, whereas the posterior IMCs have not yet left the lateral plate. At the 24 somite stage the first endothelium is observed, although vessels are not yet fully formed, constituting the future aortic roots in the anterior trunk (somites 1-7), and the future DA and AV in the mid-trunk (somites 8-19). Scattered IMCs can still be seen at the level of somites 20-21. Twenty-eight somite embryos show a heart beat and primitive blood cells circulating along DA and AV. By the 31 somite stage, after 30 h of development, a regular blood circulatory system is established: the caudal artery continues from the DA, and the caudal vein extends the AV, establishing a circuit for blood irrigation of the tail (Al-Adhami and Kunz, 1977) . The DA and the AV are easily recognized in whole embryos under the microscope, and histologically ( Fig. 2A,B) . At later stages, intersomitic vessels form by angiogenic branching of the DA and AV. Blood circulation is not observed in the intersomitic vessels until 42 h after fertilization .
VEGR-2 was first detected at the six somite stage in two separate domains, one in the cephalic region and another Fig. 1 . Partial amino acid sequence comparison showing that the zebrafish VEGR-2 gene is most closely related to the avian and mammalian type 2 VEGF receptors (Quek1 and HFLK1). Blank spaces in the comparison indicate amino acid identity. Dashes indicate gaps introduced for the best fit alignment of the sequences. The shaded regions enclose the TK-I and TK-II tyrosine kinase domains separated by a divergent kinase insert domain. Peptide regions corresponding to the nucleic acid sequence segments matched by the degenerate oligonucleotides used for PCR to amplify the fish VEGR-2 gene are enclosed between parentheses at the bottom. Quek-1, quail VEGR-2 (Eichmann et al., 1993) ; HFLK-1, human VEGR-2 (Terman et al., 1991) ; HFLT-1, human VEGR-1 (Shibuya et al., 1990) ; HFLT-4, human VEGR-3 (Aprelikova et al., 1992) ; Quek-2, unassigned quail VEGR gene closest to VEGR-1 and VEGR-3 (Eichmann et al., 1993) . The Genbank Accession Number corresponding to the VEGR-2 nucleic acid sequence is U89515. along posterior lateral regions of the embryo (Fig. 3A) . This is about 3 h prior to the first morphological segregation of the IMCs (Al-Adhami and Kunz, 1977) . Anteriorly, there is VEGR-2 expression surrounding the head periphery (Fig.  3A) , in a distinct location from that of the endocardial precursors, which lie in a more ventral and posterior region closer to the yolk (Stainier and Fishman, 1992; Stainier et al., 1993) . The anterior domain could constitute an early eye domain, since the mouse VEGR-2 gene is expressed in retinal progenitor cells (Yang and Cepko, 1996) . Also, there is a stripe of non-endothelial expression of VEGR-2 in the posterior region of the developing brain.
In the trunk, VEGR-2 labels two stripes of cells running from the level of the first somite to the tail bud and flanking the embryo at the junction with the yolk sac (Fig. 3A) . This pattern is partially overlapping with that of GATA-1 and GATA-2 at equivalent stages (data not shown), where it coincides with the location of the ICM (the intermediate cell mass, which is formed of IMCs) . It remains to be established whether the same cells express both VEGR-2 and GATA factors or whether the pattern we see corresponds to two independent subsets of cells which are located along the same region of the embryo.
At the 15 somite stage, the two anterior VEGR-2-positive domains have extended into two anterior plexuses, the primary layout of the cephalic and thoracic vessels running from the eye to the aortic arches (Fig. 3B) . Posteriorly, along with a more medial location of the stripes positive for VEGR-2 expression, it is possible to see individual cells along the midline, originating from the two lateral strings, and coming together as a plexus (Fig. 3C ). There appear to be two waves of VEGR-2-positive cell migration ( Fig. 3C ; 1º and 2º, respectively). The first wave is seen completing its migration to the midline at the 15 somite stage ( Fig. 3C; 1º ), while the second one has already begun to fuse medially by the 18 somite stage ( Fig. 4A; 2º) and is complete by the 22 somite stage (Fig. 3D ). Fusion extends mostly in an anterior to posterior direction (Fig.  3C,D) .
At later stages, primarily due to posterior extension of the anterior endothelial plexus, the separation between the anterior and posterior domains of VEGR-2 expression becomes narrower and eventually disappears by the 22 somite stage with the establishment of a continuous VEGR-2 expression domain running along the entire length of the embryo (Fig.  3D) . By this stage, a connection can be seen between the paired domains of VEGR-2 expression at the future sites of the anterior dorsal aortas and the medial dorsal aorta of the trunk and tail (DA) at the level of the root of the aorta (Fig.  3D ). Anteriorly, VEGR-2 expression corresponds to the future sites of formation of the anterior trunk main vessels ( Fig. 3D,E) .
By 26 h expression of VEGR-2 can be seen in the trunk in the domains where the intersomitic vessels will form ( . Expression of VEGR-2 was still detected in newly forming blood vessels after the onset of the blood circulation. By 36 h after fertilization, VEGR-2 expression was weak or not detectable (data not shown).
A comparison of the expression of VEGR-2 with that of GATA-1 at late somitogenesis stages shows a divergent pattern from the common localization seen at the six somite stage (data not shown). At 18 somites, while GATA-1 remains more diffuse and lateral ( Fig. 4D ), VEGR-2 signal is seen in more confined stripes of cells (Fig. 4A ). VEGR-2-positive cells are located dorsally relative to the yolk sac than those positive for GATA-1 at 26 h (Fig. 5A ,G).
Vessel defect in notochord-less zebrafish mutants
Floating head (flh) and no tail (ntl) are recessive lethal mutations in zebrafish which have been thoroughly characterized at the phenotypic and molecular levels (Halpern et (22s), the anterior and posterior plexuses of VEGR-2-positive cells connect at the level of the root of the aorta (ra); extensive sprouting of the VEGR-2-positive domain overlaying the yolk cell delineates the future position of the ducts of Cuvier (dc); the arrow points show how the fused region has extended all the way to the tail bud while it has not extended anteriorly. (E) By 26 h (26h), primordia of all the major axial vessels (av), the intersomitic vessels (is) in the trunk and tail and of the dorsal aorta (da) anterior and posterior cardinal veins (acv, pcv) and ducts of Cuvier are well defined by VEGR-2-positive cells; the root of the aorta (ra) is the site were the medial dorsal aorta and the two anterior dorsal aortas join together; in the anterior end of the embryo VEGR-2 signal highlights the aortic arches (aa), the carotid artery primordia (ca) and other vessels of the head. al., 1993; Talbot et al., 1995) . Both mutations result in the lack of a differentiated notochord. The defect in notochord development is more severe in flh than in ntl. An additional trait initially described as present in all flh embryos is a defect in vascular development in the posterior region of the axis (Talbot et al., 1995) . We observed similar blood pooling in the peri-anal region in embryos homozygous for the flh and ntl mutations. This blood pooling was a sign of obstruction in the circulation and it pointed to the existence of vascular abnormalities caused by both of these mutations.
Blood pools could be seen at 36 h of development in all embryos homozygous for flh and most ntl mutants (Table 1) . These pools, consisting of endothelial and blood progenitor cells, were located in the peri-anal region defined as the site of blood island formation . A histological analysis showed that while wild-type embryos have two well formed axial vessels which contain circulating blood cells ( Fig. 2A) , neither flh or ntl mutant embryos have a morphologically apparent vasculature at 36 h after fertilization (Fig. 2B,C) . This defect is still seen after 52 h (Fig. 2E-G ).
There were differences between flh and ntl vascular phenotype at later stages (Table 1) . While wild-type siblings developed normally and according to schedule, flh mutants never developed a functional circulatory system in the posterior trunk and tail. These embryos have a completely normal heart beat and head and anterior trunk circulation but never show blood circulation posteriorly. In contrast, in ntl mutant embryos, whereas blood pooling was consistently observed at the time of onset of blood circulation, about two-thirds of the embryos managed to reestablish an abnormal circulation by 52 h, although in most cases only of venous character (carrying blood toward the heart and away from the tip of the tail). A histological section of these embryos shows the formation of a vessel with a lumen containing circulating blood cells (Fig. 2H) , as opposed to the amorphous loose compartment of trapped blood cells lined by endothelial-like tissue seen in ntl embryos without a circulation (not shown), and in all flh embryos of the same stage (Fig. 2F) . While no intersomitic vessels are formed in ntl embryos at the time when the wild-type siblings have them with actively circulating blood (at 48 h), aberrant intersomitic vessels form in most ntl embryos that manage to retain a functional axial vessel after 3 days (Table 1) . These irregu- In flh embryos (B,E), VEGR-2 expression is very faint and amorphous (arrowheads) and does not show the separation into two axial vessels nor are intersomitic domains detectable; the blood island domain (bi) appears to be more prominent. In ntl (C,F), VEGR-2 expression appears to define two axial domains, one continuous and ventral (vv), and one segmented, patchy and dorsal (dv); faint intersomitic (is) domains are seen in far fewer segments than in the wild-type sibling; the tail blood island domain is reduced due to the tail defect in this mutant. (G) GATA-1 expression in wild-type embryos is concentrated in the midline and is seen at a stage of anterior migration of the hemopoietic precursor cells, with a gap of expression separating the anterior domain (arrow point) and the blood island (bi) domain. In flh embryos (H), GATA-1-expressing cells can be seen still in lateral unfused domains (arrowheads), which show patchy expression anteriorly (left); GATA-1 levels are highest in the peri-anal region, reflecting an accumulation of hemopoietic precursor cells in the blood island (bi). (I) The separation of the two ICM-derived stripes in ntl embryos is more pronounced (arrowheads) and the blood island (bi) is split in two.
larly patterned vessels establish a shunt which carries blood to the abnormal vein, therefore bypassing a non-existing DA. By 3 days, flh and ntl embryos which lacked a posterior blood circulation retained pools of blood and developed large edemas in the posterior end of the body, and anteriorly surrounding the heart.
Endothelial marker expression in mutant embryos
The gene products affected in flh and ntl are transcription factors which, during somitogenesis, are expressed primarily in notochord forming tissue and not in the vascular tissue or tissue immediately surrounding the notochord (SchulteMerker et al., 1994; Talbot et al., 1995) . This led us to hypothesize that, since the common trait in the two mutations is the lack of a differentiated notochord (caused by the loss of gene function in notochord cells) the notochord itself could be responsible for signaling endothelial precursor cells to assemble and organize into mature blood vessels. This effect could be direct or indirect, through the activities of other tissues known to be affected by signals originating from the notochord which in turn would act on the endothelium. We sought to establish a correlation that would point to the stage at which vessel formation is disrupted and becomes dependent on the notochord for further development.
To better understand the defects in blood vessel development in the two mutants, we examined them for the expression of VEGR-2 and GATA-1 by whole-mount in situ hybridization. No differences in VEGR-2 expression were observed between wild-type and mutant embryos in the anterior region of the embryo at any stage (not shown), in agreement with the observation that vascular defects are restricted to the posterior trunk and tail-forming region of the mutants.
At the six somite stage, wild-type and mutant embryos showed an indistinguishable pattern of VEGR-2 expression (data not shown). The first detectable difference was observed at the 18 somite stage, when it was clear that both flh and ntl embryos were delayed in the fusion of VEGR-2-positive cells (Fig. 4B,C, respectively) relative to wild-type siblings (Fig. 4A) . In flh embryos, the disruption appears to be affecting all fusion events in posterior plexus formation: angioblasts do not come together into a pair of strings and they do not coalesce in the midline, suggesting that the two waves of migration are blocked (Fig. 4B) . In contrast, in ntl embryos one of the two waves of migration is partially completed, resulting in the fusion of endothelial cells into two plexuses, instead of one, which meet in the midline in random points (Fig. 4C) . The lack of midline fusion was also apparent when looking at GATA-1 expression as early as the 18 somite stage (Fig. 4D ,E, and data not shown). The initial differences in the expression of VEGR-2 and GATA-1 between wild type and mutant embryos observed at the 18 somite stage become accentuated by 26 h after fertilization (Fig. 5G-I ). These data indicate that, in the mutant embryos, there is a delay in the closing together of the two lateral groups of ICM-derived cells toward the midline.
At 26 h, the expression of VEGR-2 in normally developing embryos delineates the two axial blood vessels and extends into the future sites of intersomitic vessel formation (Fig. 5A,D) . In flh embryos, VEGR-2 is expressed in a single disorganized string of positive cells with no discernible patterning into aortic, venous or intersomitic vessel domains (Fig. 5B,E) . However, many features of the wildtype expression pattern are evident in ntl embryos, which have two distinct axial VEGR-2 domains of expression and thus a higher degree of organization than flh. One domain runs ventrally and continuously while a dorsal domain runs in discrete segmental-like patches (Fig. 5C,F) . In addition, there are irregularly distributed faint intersomitic domains of expression (Fig. 5C ). These observations are in agreement with the phenotypic and histological analysis described in the prior section and point to the higher severity of the vascular phenotype in flh compared to ntl, which correlates with the severity of defects in other tissues known to normally depend on notochord signals for their differentiation observed in the two mutations.
An effect on GATA-1-expressing hemopoietic precursor flh and ntl heterozygous fish were crossed, resulting in embryos that were either phenotypically normal (wt) or showed the flh or ntl phenotype. The numbers of embryos at each stage decreases by ten since these embryos were processed for histology, except in (*) where 20 ntl embryos out of 35 were fixed at 52 h (the ten without a circulation, and ten of the 25 with a circulation). The numbers in parentheses indicate percentages.
cell development also becomes more apparent at 26 h after fertilization. Two differences were noticed when wild-type and mutant embryos were compared ( Fig. 5G-I ): first, in both mutants there is an obstruction of the fusion of the two ICM-derived sets of cells in the midline; second, there is an accumulation of GATA-1-positive cells in the posterior region of the embryo which constitute the blood pools later in the mutant embryos (data not shown). Failure of blood progenitor cells to enter the circulation may prevent blood maturation and therefore explain why GATA-1 expression persists in these cells.
Discussion
VEGF receptors in zebrafish
The close conservation in the sequence and pattern of expression of the zebrafish VEGR-2 gene, compared to the mammalian and avian homologs, suggests that the VEGF signaling system appeared early in vertebrate evolution. This is in agreement with the essential role these genes play in vascular development .
Zebrafish VEGR-2 expression labels endothelial progenitor cells (angioblasts), and therefore it can be used to follow their migration and predict the sites of future vessel formation. It will be an important tool for understanding the defects manifested in existing vascular mutations, which were isolated based on their phenotype (Stainier et al., 1995; Weinstein et al., 1995; Chen et al., 1996; Stainier et al., 1996) . Furthermore, the VEGR-2 clone can be used to find novel mutations affecting the development of the endothelium based on an in situ hybridization strategy (Driever et al, 1996; Moens et al, 1996) . This approach will target genes which were not initially detected by phenotypic criteria. Ultimately, these screens together with attempts to assign the VEGR-2 gene to candidate mutations, should provide for the isolation of mutants in the VEGR-2 gene and other members of the VEGR family and their ligands which will serve to genetically dissect the VEGF signaling pathway.
Ontogeny of the hemangioblastic lineage
VEGR-2 is initially expressed, together with GATA-1 and GATA-2, in the ICM. Since the GATA factors are thought to label the hematopoietic lineage, this first population expressing all three markers could correspond to the hemangioblasts, the yet-to-be identified common progenitors to the endothelial and hemopoietic cell lineages (Stockard, 1915; Al-Adhami and Kunz, 1977) . Importantly, since the patterns of expression do not precisely overlap at later stages, it is likely that the separation of the two lineages occurs early on. It may now be possible to trace the progenitor cells with these markers, and to establish by cell isolation, clonal analysis and fate mapping the ontogeny of both lineages for the first time.
We observed that cells trapped in blood pools in 36 h flh embryos in the peri-anal region continued to express GATA-1, suggesting that their differentiation is delayed or blocked and that they need to enter the circulation to do so (ntl embryos were not examined by in situ hybridization at this stage). Since it is thought that mere contact with endothelium provides a permissive environment for blood differentiation (Stockard, 1915) , this suggests that mutant tissue surrounding the blood pools does not have a fully differentiated endothelial phenotype. It still remains to be shown whether they migrate inside or outside of the vasculature on their way to the yolk sac prior to entering the circulation in the heart (Westerfield, 1994; Kimmel et al., 1995) .
The notochord has an influence on axial endothelium formation
Embryos homozygous for the flh and ntl mutations in zebrafish show very different phenotypes. Yet, they both share vascular defects and have in common the lack of a differentiated notochord. This observation, together with the fact that the notochord is involved in many signaling processes, strongly suggests that the notochord is involved in vascular pattern formation.
There are several possible explanations of how the notochord ultimately could influence axial blood vessel development. The effect could be direct (through the action of molecules synthesized by the notochord), or indirect (through changes induced by notochord signals on neighboring tissues which in turn end up affecting endothelial precursor cells). The latter could involve signaling through specific secreted or matrix molecules, or adoption of a threedimensional architecture permissive to angioblastic cell migration.
If the first hypothesis is correct, notochord-derived long range diffusible molecules would interact with receptors in the cells in the ICM. Whereas the ICM may be too far away for long range signaling from the notochord to influence it directly, ICM cells migrating medially may come in close enough proximity to the notochord for direct signaling to take place. An obvious candidate signal, VEGF, is not expressed in the notochord nor in other midline tissues, although it is expressed at high levels in the endoderm (Dumont et al., 1995; Flamme et al., 1995) . Notochordderived hedgehog signals could be acting directly on angioblasts (Concordet et al., 1996) though little is known about the activity of this pathway on endothelial cells. Another candidate molecule is FGF; eFGF and FGF-4 are expressed in the notochord (Isaacs et al., 1995; Thisse et al., 1995) . FGF has been known for a long time to be mitogenic for endothelial cells (Risau, 1991) ; FGF receptors are expressed in mature endothelial cells (Roghani and Moscatelli, 1992) and may be expressed in embryonic angioblasts. FGF has been shown to activate VEGR-2 expression in cultured cells, making them competent to respond to VEGF . Among possible extracellular matrix candidate molecules is fibronectin, which is expressed in the notochord (Risau and Lemmon, 1988) ; gene inactivation of fibronectin and its integrin receptor results in vascular defects (George et al., 1993; Yang et al., 1993) .
Alternatively, the notochord could be altering the paraxial mesoderm, rendering it capable of influencing angioblasts from the ICM in their migration into the axial region to form the primary vascular plexuses along the midline and to develop the lumen of mature blood vessels. The somite guidance and modulation of angioblast differentiation could be mediated by signaling through diffusible molecules, such as FGF, or by extracellular matrix formation, such as that of fibronectin. Sonic hedgehog (shh) is known to mediate somite patterning by the notochord (Fan and Tessier Lavigne, 1994; Concordet et al., 1996) . shh could be inducing the production of FGF by somitic tissue, since FGF-4 is also known to be expressed in the posterior somite boundary . In turn, FGF could be acting on the ICM-derived angioblasts in short range signaling. In those domains and at later stages, the known angiogenic properties of FGF may also be inducing intersomitic vessel formation. If this hypothesis is correct, a defect in paraxial mesoderm patterning would be the direct cause for the vascular phenotype seen in flh and ntl mutant embryos.
It is unlikely that flh and ntl act cell-autonomously within the ICM cells, since very careful in situ hybridization studies have never detected any ICM expression of these genes (Halpern et al., 1993; Schulte-Merker et al., 1994; Talbot et al., 1995; Melby et al., 1997) . Although it is likely that most mesodermal cells, including the precursors of the ICM, have expressed the two genes at very early stages (pre-gastrula stages in the case of flh and gastrula stages for ntl) we think it is very unlikely that the function of these genes at those earlier stages would be directly related to the behavior of ICM cells in a much later process. In addition, the defect in the flh and ntl genes does not appear to affect the normal onset of endothelial-specific expression of VEGR-2, indicating that the two genes do not have a role in early endothelial cell determination.
In our observations, the anterior trunk vasculature of mutant embryos looked fairly normal, even though notochord tissue is also missing in that region, whereas most defects were seen in the posterior trunk. In flh and ntl embryos, the anterior mesoderm (the prechordal plate) appears to be unaltered (Halpern et al., 1993; Talbot et al., 1995) . Signals from the prechordal plate may allow normal anterior vascular development through diffusible or relay signaling mechanisms, whereas the defective notochord in these embryos may not permit normal posterior vessel formation.
Differences between the flh and ntl support a notochord role in vasculogenesis
Day and a half old flh and ntl embryos have blood pools in their posterior trunk region, indicating there is a defect in the blood circulation caused by a disruption in the formation of the blood vessels in that region. However, a remarkable recovery is observed in a considerable fraction of ntl embryos at later stages. This regulative capacity observed in ntl mutant embryos could reflect an ability of the developing cardiovascular system to adapt to deficiencies through repair mechanisms. This has already been shown to occur in another zebrafish mutation, gridlock (grl), where the blockage of the aortic root is bypassed in a fashion resembling the human coarctation of the aorta .
The difference observed between the two mutations can be explained by the nature of their notochord phenotypes. It has been hypothesized that flh mutants are blocked at an earlier step of the notochord differentiation pathway than ntl (Talbot et al., 1995) . In flh embryos, mid-axial mesodermal cells express both axial and paraxial mesoderm-specific genes and eventually transfate into muscle, a paraxial mesodermal derivative . In contrast, ntl embryos have a population of mesenchymal cells in place of differentiating notochord which have been hypothesized to be notochord precursor cells blocked at a later stage in their differentiation (Halpern et al., 1993; Melby et al., 1996) . flh and ntl phenotypic differences could be explained by the fact that ntl embryos retain some of the activities derived from the notochord which are lost from axial mesoderm early on in flh, such as expression of shh Talbot et al., 1995; Concordet et al., 1996) . As a consequence many secondary phenotypes are weaker in ntl relative to flh. For example, the floor plate cells are almost unaffected in ntl (Halpern et al., 1993) , while a patchy floor plate forms in flh Talbot et al., 1995) . It is possible that the less severe vascular phenotype in ntl may be caused by residual notochord signaling or, alternatively, by floor plate signals, which share many inductive properties with the notochord and could compensate for notochord loss.
Molecular analysis by in situ hybridization allowed for a much closer inspection of the vascular phenotype in the two mutants. Although initially the formation of the VEGR-2-positive primary plexuses was affected at the same stage and in a very similar way in flh and ntl, we observed that whereas flh VEGR-2-expressing cells were not able to complete any medial migration by the 18 somite stage, in ntl embryos they had partially achieved the first wave (generating two lateral unfused plexuses) but not the second one. The differences persisted at 26 h, when in flh embryos only one amorphous VEGR-2 domain could be seen, while ntl embryos of the same stage had two separate dorsal and ventral axial domains of VEGR-2 expression. This suggests that the DA and AV may be derived from the two separate waves of cell migration.
Since the two mutants appear to block distinct steps in the two waves of angioblast migration, it is possible that the DA and AV have different requirements for notochord-dependent signals. The dorsal VEGR-2 domain in ntl is patchier and may be derived from the second wave of endothelial migration reflected by VEGR-2 expression at the 18 somite stage. Since 52 h old ntl embryos with a circulation have mostly a venous type of circulation, the more normal first wave of cell migration may be the one giving rise to the single axial vessel, a vein. These results indicate that the differentiated notochord is strongly required for the development of the DA, the vessel which forms in closer juxtaposition with the notochord, and less so for AV formation.
Conclusion
Our results indicate that the notochord is required as a source of signals that allow the endothelial precursor cells to fuse along the midline and form the lining of the lumen of mature embryonic blood vessels, able to conduct circulating blood. Alternatively, the notochord may be influencing other tissues which in turn exert their effect on the endothelial precursors. Cloning of VEGR-2 provided us with a valuable endothelial cell marker which was used to analyze the vascular defects in the flh and ntl zebrafish mutations. The patterns of VEGR-2 gene expression in mutant embryos indicated that the notochord is not required for endothelial cell determination and early migration, but for later stages of vascular development including the completion of the medial waves of migration, vascular plexus formation and vasculogenesis. Based on the pattern of VEGR-2 expression, we speculate that two waves of migration contribute to the formation of the AV first, and of the DA in temporal succession. flh blocks the two waves of migration, while ntl affects the second wave. Development of the aorta appears to be more dependent on the presence of a notochord than that of the AV. We have proposed several mechanisms by which notochord signaling on the developing axial endothelium could take place, and these ideas can now be experimentally tested. For example, cell transplantation experiments between wild type and mutant embryos may extend the same observations and clarify how individual notochord cells can influence blood vessel formation (though it is clear that the vascular defect in flh and ntl is non-cell autonomous). In addition, lineage tracing studies will be required to precisely determine the fate of the two waves of VEGR-2-positive cell migration.
Experimental procedures
Fish care
Zebrafish from the flh n1 and ntl b160 strains were obtained from C.B. Kimmel, at the University of Oregon. Fish were maintained at 28°C in a temperature-controlled, recirculating tank system. Fertilized eggs were obtained from natural matings of heterozygous fish in spawning chambers as described (Westerfield, 1994) . Embryos were collected within the first hour after spawning, rinsed and bleached 90 s in a 1:1000 dilution of household bleach in 0.3 × MMR (twice modified Ringer's saline) followed by additional extensive rinses. They were raised in 0.3 × MMR at 28°C through the larval stages and staged according to Kimmel et al., 1995. 
PCR
Fifteen hour embryo total RNA was isolated using TriReagent following the manufacturer's instructions (Molecular Research Center Inc.). One mg of RNA was used as a template for oligo-dT primed cDNA synthesis with SuperScript reverse transcriptase (Life Technologies). Degenerate oligonucleotides recognizing a conserved region in the kinase II (TK-II) domain of all tyrosine kinase receptors (Lai and Lemke, 1991) were used to PCR-amplify a 210 bp fragment from the cDNA. We used the following cycling conditions: five cycles of 1 min at 94°C, 5 min at 37°C, 5 min at 63°C followed by 40 cycles 20 s at 94°C, 5 min at 37°C, 5 min at 72°C, using Tfl DNA polymerase (Epicentre Technologies). The fragment was purified by native polyacrylamide electrophoresis, followed by elution and precipitation. A second round of degenerate PCR was performed on the isolated product using the downstream TK-II primer along with a VEGR-specific primer to obtain a 141 bp product. The VEGR primer sequence is: 5′ GCG-GGA-TCC-GAY-ATH-TAY-AAR-RAY-CC 3′, designed to recognize amino acids DIYK(N/D)P conserved within the TK-II domain in VEGF receptors, and divergent from unrelated tyrosine kinases. The cycling conditions for the second PCR were five cycles of 1 min 94ºC, 5 min 37ºC, 5 min 63ºC followed by 40 cycles 20 s 94ºC, 1 min 65ºC, 1 min 72ºC. The PCR product was cut with BamHI and XhoI, gel purified and ligated into Bluescript II SK(+) (Stratagene).
Library screening
The BamHI-XhoI insert from one of the PCR subclones (clone no. 7) was used to screen an adult zebrafish brain cDNA library in the lambda ZipLox vector (Life Technologies) which was a gift of J. Ngai, University of California, Berkeley (unpublished). Plaques (10 6 ) were lifted onto Duralon UV nylon membranes (Stratagene), lysed and denatured by brief autoclaving, crosslinked to the membrane with a Stratalinker oven (Stratagene) and hybridized in 50% formamide, 6 × SSC, 0.5% SDS, plus Denhardt's and herring sperm DNA, at 42°C followed by washes in 0.2 × SSC, 0.5% SDS at room temperature. Positive hybridizing clones were plaque purified and carried through repeated rounds of screening. Clones inserted in the pZL-1 plasmid were isolated by in vivo excision.
Sequencing
Nucleotide sequences were obtained by fluorescent dye terminator PCR with Ampli Taq DNA polymerase (ABI) and resolved on an ABI 377 automated sequencer. Sequences were processed using GCG software package and compared with existing sequence databases using the BLAST search algorithm.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed using digoxigenin-labeled antisense RNA probes. Riboprobes were produced by digesting the VEGR-2 clone 3.3 with SalI and transcribing with SP6 RNA polymerase (Epicenter Technologies), GATA-1 with SalI and T7 RNA polymerase . Embryos were fixed in 4% paraformaldehyde in PBS and processed and hybridized as described (Thisse et al., 1993) , except that 10 mg/ml of proteinase K in PBS/0.1% Tween-20 was used for 10 min at room temperature for embryos older than ten somites. The color developing reaction was performed for different lengths of time for each probe; 2-4 h for GATA factor probes, 4 h to overnight for VEGR-2.
Histology
Embryos were manually dechorionated and fixed in Bouin's fixing solution overnight at 4ºC. They were washed in 70% ethanol and stored at and −20°C. Tissues were dehydrated in ethanol, cleared in toluene and embedded in Paraplast II (Tissue Tek). Sections 7 mm thick were cut and stained with hematoxylin and eosin prior to mounting with Permount (Fisher).
Photography and image processing
For photography, embryos from whole mount in situ hybridization experiments were post-fixed in 4% paraformaldehyde, dehydrated in methanol, cleared in methyl salicylate and mounted in Permount using coverslip-bridged slides as described (Melby et al., 1997) . Histological sections and whole mount in situ hybridized embryos were photographed on an Axioplan microscope (Zeiss) using T160 Kodachrome slide film (Kodak). Slides were scanned with an Arcus II scanner (Agfa) using Photolook image acquisition software and images were cropped and assembled using the Photoshop program (Adobe).
Note added in proof
The VEGR-2 gene has also been recently isolated by Liao et al. Newly published results from the comprehensive genetic screens have revealed a group of mutations (you-too, sonic you, chameleon and you) which lack a horizontal myoseptum and also have posterior vascular defects as in flh and ntl (Development Zebrafish Issue, Vol. 123, 1996) . These myoseptum mutants have an intact notochord, yet they show abnormalities in tissues dependent on notochord signals. This is in agreement with our main hypothesis of a role for notchord derived signals in vasculogenesis and suggests the involvement of the paraxial mesoderm in mediating this activity.
